In this paper feasibility studies of the exclusive diffractive bremsstrahlung at RHIC energies are presented. The analysis exploits a simplified approach of the radiated photon and the scattered proton measurement. A brief discussion of possible backgrounds is given.
INTRODUCTION
Electromagnetic bremsstrahlung became a very attractive tool for the determination of absolute and instantaneous luminosities of the accelerator because of the relatively large and precisely calculable cross-section. The measurements exploiting angular properties of the radiated photon were used e.g. at HERA
1 .
The diffractive bremsstrahlung in proton-proton interactions, p + p → p + p + γ, has been never studied at the accelerator energies. In 2011, it was proposed by V.Khoze et al.
2 to expand the current Large Hadron Collider forward physics progamme with the diffractive bremsstrahlung studies. Later, the theoretical description of exclusive diffractive bremsstrahlung in proton-proton collisions was extended by P. Lebiedowicz and A. Szczurek 3 . The most important progress was the inclusion of the effects of non-point-like nature of protons. In addition, the authors Lebiedowicz and Szczurek took into account (vector meson)-pomeron, photon-pion as well as photonpomeron exchange processes for the first time in the literature. They found that the classical bremsstrahlung dominates at large forward photon pseudorapidities and that the other processes do not play important role because of small cross-sections.
Diffractive bremsstrahlung is driven by the pomeron exchange mechanism. The cross-section is relatively large and of the order of microbarns at RHIC energies. The photon angular distribution resembles the one observed for the classical, electromagnetic bremsstrahlung:
where Θ γ is the polar angle of the emitted photon, m p is the proton mass and E beam is the radiating proton energy. One should also note that the photon angular distribution is almost proportional to Θ A feasibility study of diffractive photon bremsstrahlung measurement at RHIC at √ s = 200 GeV and at √ s = 500 GeV was described in Ref. 4 . Bremsstrahlung photons are registered in the Zero Degree Calorimeters (ZDC) 5 and the scattered protons in the STAR Roman Pots (RP) 6 . The STAR detector Phase II configuration was assumed. The considered process was simulated with the extended version of GenEx 7 generator, dedicated to exclusive processes and based on Lebiedowicz and Szczurek model 3 . Only basic properties of the detectors were implemented in their simplified simulation.
EXPERIMENTAL SETUP
The most important part of the apparatus for diffractive bremsstrahlung measurement, as it was mentioned before, are the ZDCs and the RPs.
The purpose of RHIC ZDCs is to detect neutral particles, mainly neutrons, emitted within a small solid angle (2 milliradians from the axis of the beam) and to measure their total energy (from which their multiplicity can be estimated). Any charged particles that are produced in the interactions are swept away along the beam line by bending magnets that are just upstream of the ZDCs. The RHIC ZDCs are hadron calorimeters, which consist of three identical modules, as well as a set of scintillator planes, called the Shower Maximum Detector (SMD). All modules are tilted at 45 degrees relative to the beam direction. SMD, located between the first and second ZDC module, delivers the hadron shower position in the plane perpendicular to the beam axis. This all makes it useful as an event trigger and a luminosity monitor and for this reason all experiments at RHIC were equipped with identical ZDCs. Two ZDCs are placed on both sides of the STAR interaction point (IP) at the distances of 18 m.
System of forward detectors in STAR Phase II configuration, whose scheme is drawn in the Figure 2 , consists of eight Sillicon Strip Detector Packages (SSD) mounted in four stations of the RPs and placed symmetrically with respect to the IP. The stations are located between RHIC DX and D0 magnets at distances 15.8 m and 17.6 m from the IP. RHIC DX dipole magnet helps to analyze the scattered proton momentum. Each SSD package consists of four planes housed inside the RP vessel, which separates them from the vacuum. Additionaly, the scintilation counters, readout by two Photomultiplier Tubes (PMT), are a part of each SSD package. They deliver the trigger signal. The spatial resolution of the space-point measurement of the sillicon-strip detector is about 30 µm. The detector acceptance depends on the distance between the detector active part and the beam. Gathering data during a typical STAR data aquisition run one needs to take into account the accelerator and detector safety and the beam related backgrounds.
ANALYSIS

Monte Carlo simulations
Samples of diffractive bremsstrahlung, each containing 1 000 000 events, were generated for two centre of mass energies √ s = 200 GeV and √ s = 500 GeV. In the simulation the final state particles were transported through the RHIC beampipe using an application implemented in Geant4 framework 89 . Magnetic field is calculated from coefficients of its multipole expansion, which are given by MAD-X 10 description of the RHIC magnetic lattice. Ideal dipoles were implemented with all their imperfections up to the sextupole terms in the field expansion. The transport procedure answered whether the scattered proton reached the sillicon detector placed in the RPs. A simplified simulation of the RP detectors response was used to create the hits. The reconstruction efficiency of a proton candidate track is about 98% 11 . In the calculations the proton energy reconstruction resolution of 8% √ E was assumed which is larger than the limits obtained in 12 . For the studies presented here the interaction vertex distribution with σ Vx = σ Vy = 1.5 mm and σ Vz = 0.4 m was used but the simulation of the beam angular divergence was omitted.
Since the ZDC is dedicated to register neutral hadrons, then, its electromagnetic measurement quality is rather limited. For this analysis it was assumed that the ZDC energy measurement resolution is 30%/ √ E for photons with energy above 1 GeV.
Final state properties
Photon energy in the simulation varied between 0.5 GeV and 20 GeV at √ s = 200 GeV, and 0.5 GeV and 50 GeV at √ s = 500 GeV. In the Figure 3 the distribution of diffractive bremsstrahlung photon impact point position at the ZDC face (plane perpedicular to the beam axis) is shown. Most of the photons are within a circle of radius 25 cm. Not all of these photons are registered in the ZDC due to its geometrical acceptance -the ZDC extends from −5 to 5 cm in the horizontal direction and from −5 to 7.5 cm in the vertical one. At √ s = 500 GeV the percentage of photons reaching the ZDC increases because the radiated photon angular distribution peaks more in the forward direction. MC predicted cross-sections and the average polar angles of emitted photon for two centre of mass energies are shown in the Table 1 . An additional requirement of a realisitic vertex distribution and the reconstructed photon energy above 1 GeV results in the fraction of accepted events, which is about 18% at √ s = 200 GeV and 76% at √ s = 500 GeV. Useful variable describing the scattered proton kinematics is the relative energy loss:
where E beam is the incident proton energy and E p the scattered proton energy. Most of the accepted protons are within the region described by 0.1 < p T < 0.6 GeV/c and ξ < 0.1 but there is also some part of the protons with ξ up to 0.2 with 0.2 < p T < 0.4 GeV/c at √ s = 200 GeV and 0.1 < p T < 0.5 GeV/c at √ s = 500 GeV.
Energy conservation relation
In the experimental procedure of an event selection the energy conservation should be formulated as:
where E γ is the photon energy seen by ZDC, E p the reconstructed proton energy and δ r the accepted width of the energy conservation requirement. One should also notice that the distance between the RP active part and the beam decides about the measurable relative energy loss of a proton. The distributions of E beam − E γ − E p for two studied centre of mass energies are shown in the Figure 4 . The distance of 20 mm between the sillicon detector and the beam was assumed. The RMS values of the distributions are 1.07 GeV at √ s = 200 GeV and 1.65 GeV at √ s = 500 GeV. The δ r value was set to the triple of corresponding RMS value for each centre of mass energy. Fraction of events fulfilling such requirements is 1.6% and 5.4% for √ s = 200 GeV and √ s = 500 GeV, respectively.
The rate of the diffractive bremsstrahlung
The beam related pile-up brings limitations to the measurements. In the ideal case there are no other protonproton interactions except for diffractive bremsstrahlung. Both the total, depending on the total inelastic pp cross-sections and the instantaneous luminosity, and the pile-up-free diffractive bremsstrahlung event rates were calculated. The diffractive bremsstrahlung cross-section was reduced to the visible one, using the fractions given 
Backgrounds
The diffractive exclusive bremsstrahlung is mainly imitated by the single diffractive process, in which the neutral energy is produced within the ZDC acceptance and a fast, forward proton is created in the recombination process. Study of this background was performed using the Pythia 8 by generating 1 · 10 9 events.
The events were removed from the analysis if they fulfilled the following requirements:
• charged particle with p T > 0.1 GeV/c and |η| < 1 (STAR TPC);
• charged particle in the regions: 1.086 ≤ |η| ≤ 2 (STAR EEMC) or 3.3 ≤ |η| ≤ 5 (STAR BBC);
• neutral particle with energy greater than 1 GeV in the above pseudorapidity regions.
The remaining events were accepted for further study if they had the following properties:
• a proton with the energy E p greater than 0.8 · E beam , the electromagnetic energy in the ZDC on the same side E EM,ZDC > 1 GeV and the hadronic energy in the same side ZDC E HAD,ZDC < 1 GeV;
• on the opposite side to the signal: E p < 1 GeV, E EM,ZDC < 1 GeV and E HAD,ZDC < 1 GeV.
The fraction of events fulfilling the above outlined requirements is about 584 · 10 −9 at √ s = 200 GeV and 33040 · 10 −9 at √ s = 500 GeV. Additionally, requiring the reconstructed hits in the RPs implies the reduction to 223 · 10 −9 and 9072 · 10 −9 at √ s = 200 GeV and √ s = 500 GeV, respectively. If one demands the energy conservation |E beam − E γ − E p | < δ r to be preserved, the fraction of events is about 39 · 10 −9 at √ s = 200 GeV and 330 · 10 −9 at √ s = 500 GeV what corresponds to the visible cross-section for background of 2 nb and 16 nb, respectively.
One can notice that the ZDC upgraded with an electromagnetic front part would help to achieve even better results. It would allow to lower the limit on the minimum accepted photon energy. Moreover, the influence of the photon energy measurement on the δ r would be reduced.
Signal to Background ratio
The calculated signal to background ratio is a function of the instantaneous luminosity for both centre of mass energies. Here it was assumed that the signal and the background events were created in the pile-up free bunch crossing. The signal to background ratio values were obtained to be about 10 at √ s = 200 GeV and 100 at √ s = 500 GeV. These values are independent of the instantaneous luminosity.
SUMMARY AND CONCLUSIONS
A feasibility study of diffractive photon bremsstrahlung measurement in proton-proton interactions at RHIC at Upgrading the Zero Degree Calorimeter with the electromagnetic front part would result in larger signal to background ratio. Moreover, it would help to measure more accurately the electromagnetic energy and the electromagnetic cascade position. On the other hand, it would lower the limit on the minimum photon energy and improve the ZDC energy mesurement resolution.
The samples gathered during a typical STAR run for the instantaneous luminosity greater than about 10 30 cm −2 s −1 can be used for the RHIC instantaneous luminosity monitoring. They will also provide a possibility to calibrate the relative energy loss measurement of a proton using the Roman Pots and to cross-check the RP stations alignment.
